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Abstract
The Biomass Expansion Factor (BEF) and the Root-to-Shoot Ratio (R) are variables used to quantify carbon stock in
forests. They are often considered as constant or species/area specific values in most studies. This study aimed at
showing tree size and age dependence upon BEF and R and proposed equations to improve forest biomass and
carbon stock. Data from 70 sample Pinus spp. grown in southern Brazil trees in different diameter classes and ages
were used to demonstrate the correlation between BEF and R, and forest inventory data, such as DBH, tree height
and age. Total dry biomass, carbon stock and CO2 equivalent were simulated using the IPCC default values of BEF
and R, corresponding average calculated from data used in this study, as well as the values estimated by
regression equations. The mean values of BEF and R calculated in this study were 1.47 and 0.17, respectively. The
relationship between BEF and R and the tree measurement variables were inversely related with negative
exponential behavior. Simulations indicated that use of fixed values of BEF and R, either IPCC default or current
average data, may lead to unreliable estimates of carbon stock inventories and CDM projects. It was concluded
that accounting for the variations in BEF and R and using regression equations to relate them to DBH, tree height
and age, is fundamental in obtaining reliable estimates of forest tree biomass, carbon sink and CO2 equivalent.
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Background
CDM (Clean Development Mechanism) enables deve-
loping countries to participate in global efforts to
reduce greenhouse gases (GHG) concentrations in the
atmosphere and to accomplish the Kyoto Protocol com-
mitments. However, few A/R CDM approved methodol-
ogies were available until recently and hence a small
number of PDDs (Project Design Documents) were sub-
mitted to the CDM Executive Board (EB) of the
UNFCCC (United Nations Framework Convention on
Climate Change). One of the main constraints to pro-
posing an adequate A/R methodology and applying it in
a PDD is the difficulty in identifying and monitoring the
complex biological relationships in a forest plantation as
well as obtaining reliable estimates of biomass and car-
bon stocks. In recent years, several methodologies have
been approved by the EB that allow us to obtain stock
change estimates for large forest areas, but they are
complex and difficult do apply.
There are different approaches to calculating biomass
and carbon stocks in forests. These are mostly based on
forest inventory information as well as various factors,
referred to as biomass factors, or biomass equations,
which transform diameter, height or volume data into
biomass estimates [1]. The calculations can be obtained
by direct and indirect methods [2]. The direct method
involves destructive biomass weighing, whereas in the
indirect method regression modeling is used to estimate
biomass and carbon stocks from more easily-measured
tree and stand variables, such as DBH (diameter at
breast height), tree height (H) and age. The use of either
the direct or indirect methods may provide information
to construct a figure of CO2 removal for a CDM project
for the duration of a crediting period.
Estimates of biomass and carbon stocks from bole
volume and wood density generally require the applica-
tion of a biomass expansion factor (BEF) or biomass
equations to obtain the aboveground and total biomass
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reproduction in any medium, provided the original work is properly cited.[3-5]. Because biomass factors are easier to use than
biomass equations they have been preferred. BEF is cal-
culated from the ratio of aboveground biomass and bole
biomass (defined by a merchantable measure or a mini-
mum DBH). When belowground biomass is considered
in the CDM project, root-to-shoot ratio (R) also should
be taken into account. Calculation of R involves simply
dividing the root biomass by the corresponding above-
ground biomass.
BEF and R application may also vary from project to
project. Single default values are often used, as in
Kauppi et al. (1992) [6], Kauppi et al. (1995) [7], Lowe
et al. (2000) [8], UN-ECE/FAO (2000) [9], FAO (2001)
[10] and IPCC (2006) [11]. However, it is known that
these factors may vary depending on the species to be
planted, growth phase, and site index [12]. Therefore,
calculations of BEF and R under specific conditions
shall be preferred [13-15].
This study deals with the analysis of correlations of
BEF and R with some typical tree inventory data (DBH,
H and age) and the development of mathematical mod-
eling relating BEF and R to the more easily obtained
tree measurement variables. In this paper a comparison
of three different approaches to estimate biomass and
carbon stocks is carried out, (i.e. IPCC default values of
BEF and R [11], average BEF and R from field data and
BEF and R estimated from regression equations fitted
from specific field data).
Results and Discussion
Descriptive Statistics
Table 1 shown below summarizes the descriptive statis-
tics of the variables analyzed in this study. The average
value of BEF calculated from the data was 1.47, meaning
that the crowns of the pine species studied here repre-
sent on average 32% of the aboveground biomass and
27% of the total biomass, however the variability in this
factor was remarkable, ranging from 1.09 to 3.74. As
stated before, the mean default value of IPCC for pines
growing in the tropics and in similar conditions of this
study is 1.30, ranging from 1.2 to 4.0.
In work by Levy et al. (2010) [16], for three conifer
species in Great Britain, the authors found BEF values
ranging from 1.04 to 2.32. In a study of carbon stocks
grown in Western Europe, Liski et al. (2002) [17] found
a mean BEF of 1.39, while Schroeder et al. (1997) [18]
estimated a mean BEF of 1.25 for adult deciduous tree
stands in the US. The IPCC (2006) [11] gives various
other BEF figures from literature. However, no specific
studies on BEF were found for Brazilian pine plantations
or under similar conditions.
Regarding R, the mean value found in this study was
0.17, varying from 0.05 to 0.63. This means that on
average, belowground biomass corresponds to 15% of
the total biomass. The mean default value for pine in
the Tropics is R = 0.32, according to IPCC, though a
range of 0.24 to 0.50 in this ratio has been reported
[11]. In the study by Levy et al. (2010) [16], researchers
found an average R of 0.36; whereas in the study in wes-
tern Europe by Liski et al. (2002) [17], mean R was 0.16.
The IPCC reported other references on the matter, but
literature is not available for pine plantations in Brazil.
It is noteworthy to mention that both BEF and R figures
given by the literature are influenced by the methodology
used in each case. Some authors adopt the definition of
bole as the main tree trunk up to a minimum diameter. A
BEF figure from bole of 4 cm minimum diameter is
obviously rather smaller than another calculated from 10
cm minimum diameter. It is more problematic for broad-
leaf species that have sympodial growth than for pines with
monopodial crown architecture. Similarly, R is affected by
the depth and fine root dimension approach utilized. Deep
root excavations and fine root dimension imply in greater
root-to-shoot ratios given same conditions.
As can be seen later on in this paper, BEF and R are
correlated with DBH, height, and age, but the relation-
ship among them is hardly constant. On the contrary, as
the trees grow and advance in age the contribution of
foliage and roots to the total biomass diminishes in both
Pinus species studied here, though it will be discussed at
greater length later in this paper.
Correlation between BEF, R, DBH, H, and Age
The correlation analysis performed on the biomass
expansion factor and the root-to-shoot ratio, tree dia-
meter, height, and age indicated that BEF and R have
significant correlations with the tree measurement vari-
ables, as shown in Table 2. All correlation coefficients
Table 1 Descriptive statistics for DBH, H, Age, BEF, and R
Statistics DBH (cm) H (m) Age (years) BEF R
Mean 20.10 15.15 11.44 1.47 0.17
Standard Deviation 8.78 7.65 5.95 0.47 0.11
Minimum 1.91 2.35 2 1.09 0.05
Maximum 40.27 30.30 24 3.74 0.63
Coefficient of Variation (%) 43.68 50.50 52.01 31.97 64.71
Number of cases 70 70 70 70 70
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indicating a decrease in both tree size and age.
The correlation matrix indicates that DBH is the vari-
able more closely associated with BEF, followed by
height and age, respectively, and that all of them have
significant correlations. In contrast to the findings of
this study, Levy et al. (2010) [16], Brown & Schroeder
(1999) [19] and Lehtonen et al. (2004) [15] found that
tree height has the greatest explanatory power in esti-
mating BEF. In this study, the explanatory power of
DBH and height were nearly the same. Therefore, DBH
shall be preferred as the explanatory variable because it
is easy to measure, less time consuming and higher pre-
cision compared to height.
On the other hand, R was more closely correlated
with height, though age and DBH were also significant.
B E Fa n dRw e r ea l s oc o r r e l a t e dw i t he a c ho t h e ri nt h i s
study, but the correlation coefficient was moderately
smaller. The correlation between BEF and R seems rea-
sonable, since trees need more root biomass to support
a proportionally large crown.
Modelling BEF and R from DBH, H, and Age
The results showed that biomass expansion factor and
root-to-shoot ratio vary considerably with tree size
(DBH and height) and age. The relationships are shown
graphically in Figures 1, 2 and 3. In evidence are the
relationships between BEF and R with DBH, height, and
age have a well-defined trend, following an negative
exponential curve and that BEF and R decrease as DBH,
height, and age increase. Thus, larger and older trees
have proportionally less foliage and root biomass as
compared to smaller and younger ones. A relative
decreasing trend in crown (foliage + branches) and root
biomass across a range of tree ages have been reported
elsewhere, as in Kauppi et al. (1995) [7], Lehtonen et al.
(2004) [15], Brown (2002) [20] and Fukuda et al. (2003)
[21].
This trend may be explained by the physiological
maturation of trees [22], which require greater photo-
synthetic biomass to promote faster growth in the ear-
lier phases of this process and resource-use efficiencies
of individual trees [23,24], as well as competition with
neighbors and canopy closure [12,25,26], which causes
shading of the tree crown and limitation of root expan-
sion, and natural pruning [27]. However, a decrease in
BEF and R with tree size and age tends to not take
Table 2 Correlation matrix between BEF, R, DBH, H and
Age variables
Variable DBH (cm) H (m) Age (years) BEF R
DBH (cm) 1 - - - -
H (m) 0.922 1 - - -
Age (years) 0.869 0.960 1 - -
BEF -0.731 -0.724 -0.671 1 -
R -0.679 -0.728 -0.707 0.528 1
Figure 1 Relationship between BEF and DBH
Figure 2 Relationship between BEF and height
Figure 3 Relationship between BEF and age
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tic behavior due to stabilization of growth rate and tree
maturation.
However, there was noticed heterogeneity of variance
in BEF and R along tree size and age axes. This may be
explained by the so-called Jensen’s inequality, which
describes how variance depresses the response variable
in decelerating functions and elevates the response vari-
able in accelerating functions [28,29]. The authors
argued that Jensen’s inequality provides a fundamental
tool for understanding and predicting consequences of
variance some direct effects of environmental variance
in biological systems.
On the other hand, Magnani et al. (2000) [30] tried to
explain the reduction of growth and biomass allocation
with ageing from a physiological and hydraulic point of
view. It has been shown that younger plants grow taller
more quickly. Hence, they need proportionally more
photosynthetic biomass thano l d e ro n e s .S o m ea u t h o r s
consider respiration is a key factor for limitation of foli-
age growth with ageing (Kira & Shidei, 1967; Barnes et
al. 1998) [31,32]. However, Ryan et al. (2004, 2006)
[33,34] rejected the traditional hypothesis that increased
respiration of woody tissues forces a decline in above-
ground net primary productivity by conducting an
experimental test of causes of forest growth with stand
age for Eucalyptus. According to the authors the decline
was primarily caused by a decline in canopy carbon gain
and secondarily by a shift in the annual partitioning of
gross primary productivity to belowground allocation
and foliage respiration.
Figure 4, 5 and 6 also suggests that R data dispersion
is more pronounced in comparison to BEF, when these
factors are plotted against DBH, height, and age, imply-
ing that forest inventory variables are more strongly cor-
related with BEF than with R, as seen later in this paper.
Another feature of the graphs of BEF and R against
DBH, H, and Age, is the greater dispersion for smaller
and younger trees.
Similar results were also reported by Lehtonen et al.
(2004) [15]. Soares & Tomé (2004) [35] found analogous
trends and concluded from their study on effectiveness
of biomass expansion factors that estimates of total
stand biomass (aboveground and root biomass) should
be derived from allometric equations and if an expan-
sion factor must used then age-dependent BEFs are
recommended. They also stated that the use of a con-
stant BEF should be avoided because it yields inaccurate
estimates.
Table 3 shows fitting statistics for the 12 models
tested to estimate BEF and R from DBH, H, and Age.
Equations for BEF, in general, resulted in better fit as
compared to those for estimating R.
The coefficient of determination for the 12 equations
tested to estimate BEF ranged from 0.44 to 0.78, whereas
for R stayed between 0.35 and 0.59. The standard error in
the estimate for BEF equations ranged from 15.60 to
Figure 4 Relationship between R and DBH
Figure 5 Relationship between R and height
Figure 6 Relationship between R and age
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48.84%. When these two statistics of goodness of fit were
taken into consideration, equation 12 was selected as the
most accurate, though models 1, 2, 3, and 11 also pre-
sented similar performance. Equation 12 was also the most
accurate for R estimation, though its mathematical formula
differs from the BEF model, because both equations were
fitted by means of stepwise regression. A graphical analysis
of residuals performed on the 12 equations to estimate
BEF and R confirmed those findings (Figures 7 and 8).
Comparison of Different Approaches to Estimate Biomass
and Carbon Stock
In order to demonstrate the impact of the various
approaches to estimate biomass and carbon stock, an
analysis based on the growth and yield simulations from
SISPINUS software was performed. This computer pro-
gram was developed by EMBRAPA - Brazilian Agricul-
tural Research Center and is widely used by the forestry
sector in the country and recognized as a reliable tool
for simulating growth and yield of pine plantations
throughout site conditions.
Growth and yield was simulated for a 1-hectare
unthinned 18-year rotation stand, as described before.
Based on the predicted volume (511.35 m
3/ha), esti-
mates of total biomass (dry aboveground + belowground
biomass), carbon stock and CO2 equivalent were gener-
ated by the three different approaches, as described
before (Table 4). The estimates using the IPCC [11]
default BEF (1.30) and R (0.32) were 334.93 t/ha, 137.32
tC/ha, and 503.52 tCO2eq./ha, respectively. Using the
mean values of BEF (1.47) and R (0.17) from the field
data the estimates would be 335.69 t/ha, 137.63 tC/ha,
and 504.66 tCO2eq./ha, respectively for total biomass,
carbon stock, and CO2 equivalent. The difference
between the estimates for these two approaches was less
than 1%. However, when the calculations are made
using regression equations the figures change drastically,
to 251.32 t of total biomass, 103.04 t C/ha, and 377.82 t
CO2eq/ha. Under this condition, the percentage differ-
ence in the estimates rises to 33%.
Table 3 Statistics of the fitted models to estimate BEF
and R
Model b0 b1 b2 b3 b4 R
2
adj Syx Syx%
MODELS FITTED TO ESTIMATE BEF
1 3.9065 -0.3522 - - - 0.72 0.25 16.92%
2 3.6190 -0.3697 - - - 0.75 0.23 15.98%
3 3.2871 -0.3684 - - - 0.75 0.23 15.96%
4 2.2597 -0.0392 - - - 0.53 0.32 22.10%
5 2.1462 -0.0446 - - - 0.52 0.33 22.45%
6 2.0792 -0.0532 - - - 0.44 0.35 24.20%
7 2.5896 0.0301 - - - 0.62 0.29 20.02%
8 2.3734 0.0341 - - - 0.58 0.30 20.99%
9 2.3013 0.0421 - - - 0.50 0.33 22.94%
10 2.2313 -0.0215 -0.0347 0.0172 - 0.53 0.32 22.21%
11 3.0377 -0.2048 - - - 0.70 0.26 17.89%
12 3.5663 -0.9055 0.0296 -1.2032 0.3844 0.78 0.22 15.60%
MODELS FITTED TO ESTIMATE R
1 0.5389 0.4037 - - - 0.35 0.09 48.84%
2 0.5887 0.5006 - - - 0.51 0.07 42.42%
3 0.5830 0.5576 - - - 0.51 0.07 42.15%
4 0.4836 -0.1082 - - - 0.43 0.08 45.53%
5 0.4662 0.1150 - - - 0.56 0.07 39.89%
6 0.4502 0.1215 - - - 0.55 0.07 40.47%
7 0.4017 0.0452 - - - 0.49 0.08 43.36%
8 0.3943 0.0609 - - - 0.57 0.07 39.72%
9 0.4003 0.0828 - - - 0.55 0.07 40.51%
10 0.3302 0.0008 0.0077 0.0020 - 0.53 0.07 42.14%
11 0.4800 -0.7298 - - - 0.53 0.07 41.45%
12 0.4105 0.0901 -0.1945 - - 0.59 0.07 39.61%
Figure 7 Graphical distribution of the residuals of the fitted
models to estimate BEF using equation 12
Figure 8 Graphical distribution of the residuals of the fitted
models to estimate R using equation 12
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either default or mean BEF and R values may lead to a
gross overestimation in biomass and carbon stocks, and
consequently in CO2 removal by sinks in carbon seques-
tration projects for Pinus species in southern Brazil.
Besides the overestimation of the environmental benefits
of a project like this, it is also worth mentioning the
financial implications of such overestimates. Even in
small-scale CDM projects the consequences of such
misestimates may be on the order of millions of US dol-
lars. Therefore, project developers should be aware that
using simplified methodologies may cause tremendous
impacts throughout the offset planning table. Certainly
the importance of modeling BEF and R in a reliable way
is crucial for proposing a realistic carbon sequestration
project.
Conclusions
The following conclusions were obtained from the
results and discussions of this research:
￿ For the Pinus elliottii and Pinus taeda plantations
analyzed in this study Biomass Expansion Factor
(BEF) and Root-to-shoot ratio (R) are strongly corre-
lated with DBH and total height, and less strongly
correlated with tree age. BEF and R decrease with
DBH, height and tree age. The relationship between
them suggests a negative exponential curve toward
an asymptote with increasing BEF and R.
￿ In this study the highest R
2 and lowest Syx could
be achieved using a combination of the following
independent variables: DBH, height and age for BEF
estimation; and DBH and height for R estimation;
￿ The use of default BEF and R should be avoided
due to the great possibility of obtaining spurious
results. For pine plantations in southern Brazil the
overestimation may be over 33%;
￿ Finally, caution should be used by forest offset
developers since the process of verification and certi-
fication may not confirm CO2 removals from sinks
predicted by a project that uses either default or
mean BEF and R values.
Methods
Field Data
The data used in this study came from 70 sampled
Pinus elliottii and P. taeda individuals growing
across southern Paraná State, Brazil. A direct method
(weighing) was applied to obtain fresh biomass weight
in the field. Belowground biomass was obtained after
excavation and cleaning of the roots over 2 mm of dia-
meter at 50 cm depth.
The sampled trees were representative of the local
conditions and previously categorized by DBH and age
classes. Girth at breast height of each sample tree was
measured using ordinary metric tape, and values were
converted to DBH for calculations and modeling. After
felling, the top bole length of each tree was measured
u s i n gt a p ea n dt a k e nt ob et r e et o t a lh e i g h t-H .A g e
was determined by tree ring counting and from historic
records.
For the biomass weighing in the field, each tree was
cut up into five biomass pools: bole, thick branches over
4 cm of diameter, thin branches under 4 cm of dia-
meter, foliage, and roots. Biomass was determined fol-
lowing IPCC recommendations [11]. Each biomass pool
was weighed using a mechanical balance with a 100 kg
capacity and 100 g precision. A 500 g sample was taken
from each biomass pool to determine dry weight, per-
centage of dry matter and carbon fraction in the labora-
tory. Carbon fraction was determined using a LECO-144
combustion chamber.
Calculation of BEF and R
The biomass expansion factor (BEF) definition used in
this study is based upon FAO (1997) [36], i.e., the ratio
of aboveground oven-dry biomass of trees to oven-dry
biomass of inventoried volume. Since for the conditions
of this study the inventoried volume is the total bole,
BEF becomes as shown by the following ratio:
BEF =
Wcrown +W bole
Wbole
=
Waboveground
Wbole
where:
Table 4 Total dry biomass, carbon stock and CO2 equivalent in a one-hectare stand of Pinus spp. using constant IPCC
default values for BEF and R, mean BEF and R and estimation by regression equations
Variable BEF and R default IPCC Average BEF and R BEF and R from regression equations
Total biomass (t/ha) 334.93 335.69 251.32
Carbon stock (t/ha) 137.32 137.63 103.04
CO2 equivalent (t/ha) 503.52 504.66 377.82
- +0.22
Difference (%) - -33.27
- -33.57
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Wcrown = tree crown dry weight (g), composed of foli-
age, thick and thin branches;
Wbole = tree bole dry weight (g); and
Waboveround = Wcrown + Wbole (g).
The root-to-shoot ratio calculations were conducted
using the formula below, as indicated by the [11], which
defines R as the ratio of belowground (root) to above-
ground biomass (shoot), as follows:
R=
Wroot
Waboveground
where:
R = root-to-shoot ratio (dimensionless); and
Wroot = tree root dry weight (g).
Statistical Analysis and Mathematical Modelling
Correlation coefficients of all variable combinations
were calculated in order to understand the relationships
among them and in turn to develop models to estimate
BEF and R as functions of the more easily measured for-
est inventory variables (DBH, H, and Age). Twelve
mathematical models were tested to estimate BEF and R
from DBH, tree height and age as and presented in
Table 5. Only linear models were chosen by the criteria
of simplicity and easy-to-fit.
The best-fit model was selected in accordance with
the following criteria: smallest percentage standard error
of estimate (Syx%), highest coefficient of determination
adjusted to number of cases and coefficients (R
2
adj), and
optimal performance in a graphical analysis of residuals.
Comparison of Different Approaches to Estimate Biomass
and Carbon Stocks
A comparison of three approaches to calculate BEF and
R was performed. The first approach consisted of using
constant IPCC values for pine plantations in the tropics,
BEF = 1.30 and R = 0.32 [11], whereas the second took
into account fixed values calculated from the average
BEF and R of the trees sampled in this study. The third
approach used size- and age-dependent estimates of
BEF and R derived from the best-fit equation selected
from the 12 models tested in this study.
The comparison was done by calculating CO2 equiva-
lent from the three approaches, using volume estimation
from a growth and yield simulator called SISPINUS
[37]. Carbon dioxide equivalent was used for compari-
son because it is the variable used in carbon sequestra-
tion projects. The input variables for SISPINUS were:
number of trees per hectare = 1,667; site index = 23 m
(dominant tree height) at age 15 years; and rotation age
= 18 years for an unthinned hypothetical stand. The
output variable (total bole volume) was converted to
carbon stock (t/ha) by multiplying wood density (0.3817
g.cm
-3 according to Sette JR et al. (2006) [38] to 0.41
carbon fraction of dry matter (tC.d.m.)
-1, from lab deter-
mination, in accordance with IPCC nomenclature [11].
Carbon stock was in turn converted to CO2 equivalent
(t/ha) by multiplying by the ratio 44/12 (1 mole C = 12,
1 mole O = 12, therefore 1 mole CO2 = 44).
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2 BEF = β0 ∗ H−β1 2 R = β0 ∗ H−β1
3 BEF = β0 ∗ AGE−β1 3 R = β0 ∗ AGE−β1
4 BEF = b0 + b1*Ln(DBH)4 R = b0 + b1*Ln(DBH)
5 BEF = b0 + b1*Ln(H)5 R = b0 + b1*Ln(H)
6 BEF = b0 + b1*Ln(AGE)6 R = b0 + b1*Ln(AGE)
7 BEF = β0 ∗ EXP(−β1∗DBH) 7 R = β0 ∗ EXP(−β1∗DBH)
8 BEF = β0 ∗ EXP(−β1∗H) 8 R = β0 ∗ EXP(−β1∗H)
9 BEF = β0 ∗ EXP(−β1∗AGE) 9 R = β0 ∗ EXP(−β1∗AGE)
10 BEF = b0 + b1 * DBH + b2 * H + b3 * AGE 10 R = b0 + b1 * DBH + b2 * H + b3 * AGE
11 BEF = b0 + b1 * ln(DBH * H * AGE)1 1 R = b0 + b1 * ln(DBH * H * AGE)
12 BEF = b0 + b1 *l nDBH + b2 * DBH + b3 *l n H + b4 * ln(DBH * H * AGE)1 2R = b0 + b1 * ln DBH + b2 * ln H
where: bi = coefficients.
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